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Evidence shows that maternal care and postnatal traumatic events
can exert powerful effects on brain circuitry development but little
is known about the impact of early postnatal experiences on pro-
cessing of rewarding and aversive stimuli related to the medial pre-
frontal cortex (mpFC) function in adult life. In this study, the
unstable maternal environment induced by repeated cross-fostering
(RCF) impaired palatable food conditioned place preference and dis-
rupted the natural preference for sweetened ﬂuids in the saccharin
preference test. By contrast, RCF increased sensitivity to con-
ditioned place aversion (CPA) and enhanced immobility in the
forced swimming test. Intracerebral microdialysis data showed that
the RCF prevents mpFC dopamine (DA) outﬂow regardless of
exposure to rewarding or aversive stimuli, whereas it induces a
strong and sustained prefrontal norepinephrine (NE) release in
response to different aversive experiences. Moreover, the selective
mpFC NE depletion abolished CPA, thus indicating that prefrontal
NE is required for motivational salience attribution to aversion-
related stimuli. These ﬁndings demonstrate that an unstable
maternal environment impairs the natural propensity to seek plea-
surable sources of reward, enhances sensitivity to negative events
in adult life, blunts prefrontal DA outﬂow, and modulates NE release
in the reverse manner depending on the exposure to rewarding or
aversive stimuli.
Keywords: cross-fostering, dopamine, norepinephrine, prefrontal cortex,
salience attribution
Introduction
A growing body of evidence suggests there is an association
between exposure to aversive events during the postnatal
period and increased vulnerability to a variety of neuropsy-
chiatric and psychosocial disorders, such as depression,
anxiety, psychosis, and vulnerability to substance abuse
(McEwen 2000; Meaney 2001; Heim and Nemeroff 2002;
Matthews and Robbins 2003; Nemeroff 2004). The prefrontal
cortex is involved in goal-directed behavior and affective pro-
cessing and regulation of motivational salience or intensity of
behavioral responses (Jentsch and Taylor 1999; Matsumoto
et al. 2003; O’Doherty 2004). In rodents, maternal separation
from pups may produce anxiety- and depressive-like beha-
viors (Boccia et al. 2007; Kikusui and Mori 2009) and alter
prefrontal cortex neural plasticity (Pascual and Zamora-León
2007). Accumulating evidence also suggests that synaptic con-
nections within the prefrontal cortex are dramatically shaped
by early experience (Poeggel et al. 2003; Bock et al. 2008)
and direct effects of the alteration of maternal care received
by the offspring on mesocorticolimbic dopamine (DA) func-
tion, vulnerability to psychostimulants, and prefrontal sensor-
imotor gating in adult animals have been recently reported
(Meaney et al. 2002; Brake et al. 2004; Zhang et al. 2005).
Monoamines in the medial prefrontal cortex (mpFC) play a
major role in emotional, motivational, and cognitive functions
(Goldman-Rakic 1999; Arnsten and Robbins 2002; Aston-
Jones and Cohen 2005; Lapiz and Morilak 2006). In particular,
prefrontal norepinephrine (NE) and DA are critically involved
in the processing of rewarding or aversive stimuli and attribu-
tion of motivational salience (Feenstra 2000; Mingote et al.
2004; Fallon et al. 2007; Ventura et al. 2007, 2008; Volkow
et al. 2009). The propensity of animals and humans to seek
out rewards and to avoid punishments entails the ability to
form an internal representation of the value of rewarding and
punishing stimuli and make predictions about their occur-
rence to guide behavior (O’Doherty 2004). Because this is a
clearly adaptive behavior, investigating how this ability is af-
fected by environmental experiences during early develop-
ment may be relevant to understanding several emotional and
motivational deﬁcits in adult humans. Although several
studies have been reported the effects of postnatal adverse
experiences on susceptibility to stress exposure (Pryce et al.
2005; Arborelius and Eklund 2007; Jezierski et al. 2007;
Lupien et al. 2009; Rivarola and Suárez 2009), the impact pro-
duced by the early perturbation of the mother–infant bond on
catecholamine modulation of mpFC function and processing
of rewarding and aversive stimuli in adult life remains
unknown.
Previously, we showed that recurrent adoptions experi-
enced by pups can help to disclose some mechanisms under-
lying the genetical–environmental interplay that links the
early perturbation of the mother–infant bond to heightened
CO2 sensitivity and anxiety (D’Amato et al. 2011). Therefore,
to represent early postnatal aversive experience, we used the
same repeated cross-fostering (RCF) procedure. Interestingly,
pups undergoing RCF were not neglected by adoptive
mothers (e.g. nursing, grooming/licking) but, in contrast to
controls, they emitted a higher number of separation-induced
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ultrasonic vocalizations regardless of the type of olfactory
cues that provide information about proximity to mother
(clean vs. own-cage bedding). Here, we hypothesized that
RCF in NMRI outbred female mice may alter the propensity to
orient behavior toward rewarding experiences and affect sen-
sitivity to aversive conditions in adult life. To verify this
hypothesis, female mice exposed to RCF were tested for
chocolate-induced conditioned place preference (CPP), the
saccharin preference test (SPT), lithium chloride (LiCl)-
induced conditioned place aversion (CPA), and the forced
swimming test (FST). Moreover, because prefrontal catechol-
amines are involved in processing the affective value of posi-
tive and negative stimuli processing, we investigated by in
vivo intracerebral microdialysis whether this early adverse
experience produces enduring effects on the prefrontal DA
and NE outﬂow induced by rewarding (chocolate) or aversive
(restraint and LiCl) stimuli. Finally, to assess the possible
association between RCF-induced behavioral changes and
prefrontal NE transmission, we investigated the effects of se-
lective prefrontal NE depletion on LiCl-induced CPA.
Materials and Methods
Animals
NMRI outbred mice (Harlan, Italy) were used in all experiments. At
12 weeks of age, mice were mated by housing 2 females with 1 male
in transparent polysulfone cages (26.7 × 20.7 × 14.0 cm) with water
and food ad libitum. Room temperature (21 ± 1°C) and a 12:12 h
light–dark cycle (lights on at 07.00 AM) were kept constant. After 15
days, males were removed and pregnant females were isolated, left in
clean cages, and inspected twice a day for live pups. All experiments
were conducted in accordance with and under license from the Italian
Department of Health legislation (DL 116/92) and regulations on the
use of animals for research, and in accordance with the NIH guide-
lines on animal care. Females were chosen as subjects for this study
because of the signiﬁcant incidence of gender differences in stress-
related disorders and their greater stress sensitivity (Bale 2006). To
prevent potential estrous cycle group synchronization, experimental
subjects for cross-fostered and control female groups were sorted by
collecting not >2 individuals per cage/litter for both behavioral and
microdialysis experiments.
Drugs
Chloral hydrate, 6-hydroxydopamine (6-OHDA), GBR 12909 (GBR),
and LiCl (63.5, 127, 190.5 mg/kg) were purchased from Sigma (Sigma
Aldrich, Milan, Italy). Chloral hydrate (450 mg/kg) and GBR (15 mg/
kg) were dissolved in saline (0.9% NaCl) and injected intraperitone-
ally (i.p.) in a volume of 10 mL/kg. 6-OHDA was dissolved in saline
containing Na-metabisulﬁte (0.1 M).
Repeated Cross-Fostering
The procedure for RCF has been previously described (D’Amato et al.
2011) and is summarized brieﬂy. Pups from the same litter spent the
ﬁrst postnatal day (PND0) with their biological mother. On PND1,
litters were randomly selected and assigned to experimental (RCF) or
control treatment. Each experimental litter was fostered by replacing
the mother with a novel lactating female caring for pups of the same
age; this procedure was repeated daily (4 times, from PND1 up to
PND4) until the fourth adoptive mother was reached. Pups were left
with the last adoptive mother until weaning. Procedurally, fostering
consisted of ﬁrst removing the dam from the cage, then removing the
entire litter, and immediately introducing it into the home cage of a
different dam, whose pups had just been removed. RCF pups were
placed in the nest and semi-covered with the home cage bedding of
the adoptive mother; the dam was then reintroduced. The procedure
of shifting between litters lasted about 30 s and took place everyday
(PND1 to PND4) between 10.30 and 11.00 AM. Control mothers and
pups were left together from PND0 until weaning. Control litters were
only picked up daily and reintroduced in their home cage, were
covered with home cage bedding and had their mothers returned
within 30 s from PND1 to PND4. Animals were weaned at PND28,
separated by sex and housed in groups of 4 littermates. All of the
experiments were performed on 5-month-old adult female mice.
Place Conditioning
Behavioral experiments were performed using a place conditioning
apparatus (Ventura et al. 2007, 2008). The apparatus comprised 2
gray Plexiglas chambers (15 × 15 × 20 cm) and a central alley (15 × 5 ×
20 cm). Two sliding doors (4 × 20 cm) connected the alley to the
chambers. In each chamber 2 triangular parallelepipeds (5 × 5 × 20
cm) made of black Plexiglas and arranged in different patterns
(always covering the surface of the chamber) were used as con-
ditioned stimuli. The training procedure for place conditioning has
been described previously (Ventura et al. 2007, 2008). Brieﬂy, on day
1 (pretest), mice were free to explore the entire apparatus for 20 min.
During the following 8 days (conditioning phase), mice were conﬁned
daily for 40 min alternately in 1 of the 2 chambers. For CPP, one of
the patterns was consistently paired with palatable food (milk choco-
late, 1 g, paired chamber) and the other with standard food (mouse
standard diet, 1 g, unpaired chamber). For CPA, one of the patterns
was consistently paired with LiCl (63.5, 127, 190.5 mg/kg i.p.) and
the other with saline. This schedule lasted throughout conditioning.
Both groups (controls and RC) were balanced as for the pairing
between 1 of the 2 patterns and the unconditioned stimulus (choco-
late and different doses of LiCl).
For both groups (control and RCF) pairings were balanced so that
for half of each group the unconditioned stimulus (chocolate, LiCl
63.5, 127, 190.5 mg/kg i.p.) was paired with one of the patterns and
for half with the other (standard food, saline). Testing for the
expression of CPP or CPA was conducted on day 10 using the pretest
procedure. Behavioral data were collected and analyzed by the “Etho-
Vision” (Noldus, The Netherlands) fully automated video tracking
system (Spink et al. 2001). Brieﬂy, the experimental system is re-
corded by a CCD video camera. The signal is then digitized (by a
hardware device called “frame grabber”) and transmitted on the com-
puter’s memory. Later, the digital data were analyzed by means of the
EthoVision software to obtain “time spent” (s), which was used as
raw data for preference scores in each sector of the apparatus of each
subject. Chocolate consumption was assessed by weighing the
amount remaining at the end of each conditioning session (chocolate:
Day 1, 3, 5, and 7).
Saccharin Preference Test
Familiarization
Saccharin solution was prepared using distilled water and pure sac-
charin (Hermes Susstoff AG, Zurich). The solutions were freshly pre-
pared immediately before use and offered at room temperature.
Animals living in pairs were singly housed in a test cage for 1 h. Here,
animals were exposed to a double choice (either saccharin solution
[0.25% or 0.5%] or drinking water) from graduated tubes (10 mL
volume). Intake was measured to the nearest 0.1 mL. The test cage
was the same throughout the experiment.
Experimental Phase
After familiarization, every other day (day 1 up to 6), animals were
moved into their own test cages and their 1-h saccharin intake was
measured. Thereafter, animals were placed back in their home cages.
Only animals drinking at least 0.1 mL on day 1 were included in the
study.
Forced Swim Test
Mice were gently placed in individual glass cylinders (height 40 cm
and diameter 18 cm) containing 20 cm water at 28 ± 2°C. Mice were
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exposed to the apparatus for 10 min for the ﬁrst experience (pretest)
and for 5 min 24 h later for the test session (test); they were then
removed from the cylinder, allowed to dry in a small cage placed
under a heat source for 10 min, and returned to their home cages.
The behavior exhibited by each animal during the course of the test
session was videotaped using a remote-controlled video camera
placed frontally inside the cubicle. Later, an observer blinded to the
treatment received by each animal analyzed the videotape with the
aid of the Observer program (Version 3.0, System for Macintosh,
Noldus, Wageningen, The Netherlands, 1997). The duration (s) of
each of the following behavioral items was taken as the dependent
variable: Immobility = total absence of movement; struggling = vigor-
ous attempts at climbing the walls of the cylinder; swimming = active
swimming; paddling = small movements of one of the posterior paws
not producing displacement.
Microdialysis
Animals were anesthetized with chloral hydrate (450 mg/kg),
mounted in a stereotaxic frame (David Kopf Instruments, Tujunga,
CA, United States of America) equipped with a mouse adapter and
unilaterally implanted with a guide cannula (stainless steel, shaft
outer diameter (OD) 0.38 mm, Metalant AB, Stockholm, Sweden)
counterbalanced in either the right or left hemisphere of the mpFC
(Ventura et al. 2003, 2005, 2007). A 1-mm long guide cannula was
ﬁxed with epoxy glue; dental cement was added for greater stability.
According to the Franklin and Paxinos atlas, coordinates from bregma
were: +2.52 anteroposterior (AP); ±0.6 L for both control and RCF
animals (Franklin and Paxinos 1997). The probe (dialysis membrane
length 2 mm, OD 0.24 mm, MAB 4 cuprophane microdialysis probe,
Metalant AB) was introduced 24 h before microdialysis experiments.
The location of the microdialysis probe in the mpFC is shown in
Figure 1. Animals were lightly anesthetized with chloral hydrate (350
mg/kg) to facilitate the manual insertion of the microdialysis probe
into the guide cannula and then returned to their home cages. The
outlet and inlet probes tubing were protected by locally applied paraf-
ilm. The membranes were tested for in vitro recovery of NE and DA
(relative recovery (%): NE = 12.2 ± 0.72; DA = 10.5 ± 0.83; n = 15) on
the day before use in order to verify recovery. The microdialysis
probe was connected to a CMA microdialysis (CMA) 100 syringe
pump (Carnegie Medicine Stockholm, Sweden) through PE-20 tubing
and an ultra-low torque dual channel liquid swivel (Model 375/D/
22QM, Instech Laboratories, Inc., Plymouth Meeting, PA, United
States of America) to allow free movement. Artiﬁcial cerebrospinal
ﬂuid (147 mM NaCl, 1 mM MgCl, 1.2 mM CaCl2, and 4 mM KCl) was
pumped through the dialysis probe at a constant ﬂow rate of 2 µL/
min. Experiments were carried out 22–24 h after probe placement.
Each animal was placed in a circular cage furnished with microdialysis
equipment (Instech Laboratories, Inc.) and home cage bedding on
the ﬂoor. Dialysis perfusion was started 1 h later, at which time the
mice were left undisturbed for approximately 2 h before baseline
samples were collected. The mean concentration of the 3 samples col-
lected immediately before treatment (<10% variation) was taken as
basal concentration. Before microdialysis experiments, mice from
both control and RCF groups were assigned to either a rewarding
(chocolate) or an aversive experience (restraint, LiCl). For the reward-
ing condition, a single piece (1 g) of milk chocolate (Milka, Kraft) was
used for microdialysis. Consumption was assessed by weighing the
amount of chocolate left at the end of the experiment. Finally, latency
to eat was recorded and mice were weighed on the day of the exper-
iment. Animals subjected to restraint were placed for 180 min on re-
straint apparatus formed by an adjustable neck-blocking support
mounted on a Plexiglas base and a movable U-shaped metal piece
that could be ﬁxed to the base at the level of the animal’s hips, thus
preventing the mouse from turning on its back (Cabib and
Puglisi-Allegra 1991). For all treatments (chocolate, restraint, and
LiCl), dialysate was collected every 20 min for 180 (chocolate and re-
straint) or 120 min (LiCl). Twenty microliters of the dialysate samples
were analyzed by high performance liquid chromatography (HPLC).
The remaining 20 µL were kept for possible subsequent analysis. Con-
centrations (pg/20 µL) were not corrected for probe recovery. The
HPLC system consisted of an Alliance (Waters Corporation, Milford,
MA, United States of America) system and a coulometric detector
(ESA Model 5200A Coulochem II) provided with a conditioning cell
(M 5021) and an analytical cell (M 5011). The conditioning cell was
set at 400 mV, electrode 1 at 200 mV, and electrode 2 at −250 mV. A
Nova-Pack C18 column (3.9 × 150 mm, Waters) maintained at 30°C
was used. The ﬂow rate was 1.1 mL/min. The mobile phase was as
previously described (Ventura et al. 2005, 2007). The assay detection
limit was 0.1 pg.
Medial Prefrontal Cortex NE Depletion
Anesthesia and surgery were carried out as previously described
(Ventura et al. 2003, 2005, 2007, 2008). Animals were injected with
GBR (15 mg/kg) 30 min before the 6-OHDA microinjections in order
to protect dopaminergic neurons. The bilateral injection of 6-OHDA
(1.5 µg/0.1 µL/2 min for each side) was made into the mpFC (coordi-
nates: +2.52 AP; ±0.6 L; −2.0 V) (Franklin and Paxinos 1997) through
a stainless steel cannula (0.15 mm outer diameter, UNIMED, Switzer-
land) connected to a 1 µL syringe by a polyethylene tube and driven
by a CMA/100 pump (NE-depleted group). The cannula was left in
place for an additional 2 min after the end of the infusion. Sham
animals were subjected to the same treatment, but received an intra-
cerebral vehicle after GBR administration. Animals were used for
behavioral experiments 7 days after surgery. NE and DA tissue levels
in the mpFC were assessed by HPLC-electrochemical detection analy-
sis to evaluate the extent of depletion, as previously described
(Ventura et al. 2003, 2005, 2007).
Prefrontal NE Depletion and LiCl-Induced CPA
CPA was used to evaluate the effects of selective mpFC NE depletion
on LiCl-induced aversion. Two groups of RCF and 2 groups of control
animals (Sham and NE-depleted mice) were used. The experiment
was carried out as described in the previous paragraph. Because RCF
and controls showed a different dose-dependent aversion to the LiCl-
paired compartment, the doses of LiCl used for the conditioning
phase were 127 and 190.5 mg/kg for RCF and control animals,
respectively. Animals performed this experiment 7 days after surgery.
Statistical Analyses
Place Conditioning
For place conditioning experiments, statistical analyses were
performed on preference scores assessed by calculating the
time spent in chocolate or LiCl (paired) and standard food/
saline (unpaired) compartments on the test day minus the time
spent in the same compartments on the pretest session. For the
CPP experiment, data were analyzed using 2-way repeated-
measures analysis of variance (ANOVA) with 1 between factor
(early experience, 2 levels: Control, cross-fostering) and 1
within factor (pairing, 2 levels: Paired, unpaired), followed by
post hoc comparisons (Tukey honestly signiﬁcant difference
Figure 1. The location of microdialysis probes in the mpFC. Photomicrograph of
coronal sections (approximately +2.50 mm anterior to bregma [Franklin and Paxinos
1997]) showing the microdialysis probe trace in the mpFC. Arrowhead indicates the
tip of the probe.
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(HSD) test). Data for mean chocolate consumption collected
during the conditioning phase of CPP were analyzed by 1-way
ANOVA. To rule out basal differences between control and RCF
groups, a 1-way ANOVA was performed to analyze locomotor
activity during the pretest session.
For CPA experiments, data were analyzed using 2-way
repeated-measures ANOVA with 2 between factors (early
experience, 2 levels: Control, cross-fostering; dose, 3 levels:
63.5, 127, 190.5 mg/kg i.p.) and 1 within factor (pairing, 2
levels: Paired, unpaired), followed by post hoc comparisons
(Tukey HSD test). Locomotor activity during the conditioning
phase of LiCl-induced CPA was analyzed by repeated-
measures ANOVA with 2 between factors (early experience, 2
levels: Control, cross-fostering; dose, 3 levels: 63.5, 127,
190.5 mg/kg i.p.) and 1 within factor (day, 4 levels: d1, d3,
d5, and d7). A repeated-measures ANOVA with 1 between
factor (early experience, 2 levels: Control, cross-fostering) and
1 within factor (day, 4 levels: d1, d3, d5, and d7) was per-
formed for each dose. Finally, to rule out any spontaneous
preference for 1 particular chamber, mean time spent in
paired and unpaired chambers during the pretest session was
analyzed by repeated-measures ANOVA for each group.
Saccharin Preference Test
For the SPT, statistical analyses were performed by 2-way
repeated-measures ANOVA with 2 between factors (early
experience, 2 levels: Control and RCF; dose, 2 levels: 0.25%
and 0.5%) and 1 within factor (time, 5 levels: From day 1 up
to 5). Separate repeated-measures ANOVA (early experimental
condition, 2 levels: Control or RCF; time, 5 levels: From day 1
up to 5) was also performed for each dose (0.25% and 0.5%).
Finally, percentage preference of saccharin intake was
evaluated.
Forced Swim Test
Statistical analyses were carried out on the total duration in
seconds of each behavioral response on pretest or test days.
Data were analyzed by 1-way ANOVA for each behavioral
item: Immobility, paddling, struggling, and swimming.
Microdialysis
Data obtained from microdialysis experiments were analyzed
on raw data. The effects of chocolate exposure, restraint
experience, or LiCl on NE and DA release in the mpFC were
analyzed by separate repeated-measures ANOVA with 1
between factor (early experience, 2 levels: Control, cross-
fostering) and 1 within factor (time, 10 levels: 0, 20, 40, 60,
80, 100, 120, 140, 160, 180 for chocolate and restraint, and 7
levels: 0, 20, 40, 60, 80, 100, 120 for LiCl). Simple effects
were assessed by 1-way ANOVA for each time point. Individ-
ual between-group comparisons were carried out, when ap-
propriate, by post hoc test (Duncan Multiple Range Test).
Finally, to assess whether the hemisphere used for sampling
collection could affect microdialysis data, the effect of laterali-
zation (right side vs. left side) was analyzed by repeated-
measures ANOVA with 1 between factor (side: 2 levels: Right
and left) and 1 within factor (time, 10 levels: 0, 20, 40, 60, 80,
100, 120, 140, 160, and 180) within each group (control,
cross-fostering) for chocolate and restraint experiments. Data
from mean chocolate consumption, latency to eating, and
animals’ body weight, were analyzed by 1-way ANOVA.
Medial Prefrontal Cortex NE Depletion
The effects of prefrontal NE depletion on DA and NE tissue
levels were analyzed by 2-way ANOVA (early experience, 2
levels: Control, cross-fostering; pre-treatment, 2 levels: Sham,
NE-depleted), followed by post hoc comparisons (Tukey HSD
test).
Prefrontal NE Depletion and LiCl-Induced CPA
Effects of selective mpFC NE depletion on LiCl-induced CPA
(127 or 190.5 mg/kg i.p.) were analyzed by repeated-
measures ANOVA, with 1 between factor (pre-treatment:
Sham, NE-depleted) and 1 within factor (pairing, 2 levels:
Paired, unpaired), followed by post hoc comparisons (Tukey
HSD test).
Results
Place Conditioning
The effects of RCF experience on CPP are shown in Figure 2.
There was no statistically signiﬁcant difference in preference
for 1 chamber of the apparatus in control or RCF groups
during the pretest session (Supplementary Table S1). For test
session, the repeated-measure ANOVA revealed a signiﬁcant
early experience × pairing interaction (F1,18 = 4.51; P < 0.05).
Post hoc testing revealed that whereas control animals
showed a signiﬁcant preference for the chocolate-paired com-
partment (P < 0.05). RCF animals showed no preference for
the chocolate-paired compartment. ANOVA analyses revealed
no signiﬁcant effect on mean chocolate consumption during
the conditioning phase of CPP (Supplementary Table S1).
Finally, there were no signiﬁcant differences in locomotor
activity between control and RCF during the pretest session
(Supplementary Table S1).
The effects of RCF experience on CPA are shown in
Figure 3. Neither the control nor the RCF group showed sig-
niﬁcant chamber preference during the pretest session (Sup-
plementary Table S1). For CPA test, the repeated-measures
Figure 2. Effects of RCF on chocolate-induced CPP. All data are expressed as
preference scores as follows: Mean time spent (±SE; s) in paired and unpaired
compartments on the test day minus the time spent in the same compartments
during the pretest session (n=10 per group). *P< 0.005 compared with the
unpaired chamber.
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ANOVA revealed a signiﬁcant early experience effect (F1,42 =
14.34: P < 0.001). Post hoc comparisons indicated that
whereas RCF animals showed an aversion to the LiCl-paired
compartment at all doses (63.5 mg/kg: P < 0.05; 127 mg/kg:
P < 0.001; 190.5 mg/kg: P < 0.001), control animals showed a
signiﬁcant aversion to the LiCl-paired compartment only at
the higher dose (190.5 mg/kg: P < 0.001). This suggests that
early adverse experience may increase sensitivity to aversive
experience in adult life. The repeated-measures ANOVA did
not reveal a signiﬁcant interaction between early experience,
doses, and day with regard to locomotor activity during the
conditioning phase of CPA. Moreover, the repeated measures
ANOVA for each dose revealed no signiﬁcant early experi-
ence × day interaction, regardless the dose administered (Sup-
plementary Table S1).
Saccharin Preference Test
In the SPT, ANOVA analysis revealed a signiﬁcant day × dose
interaction (F4,20 = 2.66; P < 0.05) and a signiﬁcant early
experience effect (F1,200 = 8.034; P < 0.01). The repeated
measures ANOVA for each dose revealed a signiﬁcant day
effect (F4,120 = 18.603; P < 0.0005) for the 0.25% dose and sig-
niﬁcant day effects (F4,80 = 11.082; P < 0.0005) and early
experience (F1,80 = 7.548; P < 0.05) for the 0.5% dose. Thus,
although both groups showed a signiﬁcant increase in sac-
charin intake over time, the RCF group drank less sweetened
solution than control mice (Fig. 4).
Finally, preference data showed that the percentage of sac-
charin drank over the total ﬂuid intake was higher in control
mice than in RCF mice (0.25%: [F1,30 = 4.834; P < 0.05]; 0.5%:
[F1,20 = 11.096; P < 0.005]).
Forced Swim Test
One-way ANOVA revealed a signiﬁcant effect for swimming,
struggling, and immobility on both pretest and test days
(pretest: Swimming [F1,22 = 5.18; P < 0.05]; struggling [F1,22 =
4.61; P < 0.05]; immobility [F1,22 = 9.21; P < 0.05]). Test:
Figure 4. Effects of RCF under the SPT. The ﬁgure depicts saccharin intake (mL) of
cross-fostered (RCF) and control animals at 2 different concentrations (0.25% in A
and 0.5% in B) during 5 days (d1–d5) of the SPT. All data are expressed as the mean
of saccharin intake (±SE; mL). The small inserts in A and B depict % of preference
changes between control and RCF animals. *P< 0.05 compared with control
animals.
Figure 3. Effects of RCF on LiCl-induced (63.5, 127, 190.5 mg/kg i.p.) CPA. All data
are expressed as preference scores as follows: Mean time spent (±SE; s) in paired
and unpaired compartments on the test day minus the time spent in the same
compartments during the pretest session (n=8 per group). *P< 0.05 compared
with the paired chamber.
Cerebral Cortex 5
 by guest on June 5, 2012
http://cercor.oxfordjournals.org/
D
ow
nloaded from
 
Swimming (F1,22 = 4.45; P < 0.05); struggling (F1,22 = 6.75; P <
0.05); immobility (F1,22 = 5.62; P < 0.05). RCF experience sig-
niﬁcantly decreased swimming and struggling and increased
immobility on both pretest and test days (Table 1), but had no
signiﬁcant effect on paddling.
Microdialysis
Data analyses for the effects of the rewarding stimulus (choco-
late) on the prefrontal NE and DA outﬂow showed a signiﬁ-
cant early experience × time interaction (NE: F9,129 = 2.53; P <
0.05; DA: F9,129 = 2.026; P < 0.05). Simple effect analyses re-
vealed a signiﬁcant time effect for the control group only and
a signiﬁcant difference between the two groups (control vs.
RCF) attributable to chocolate exposure. In control animals,
chocolate produced a time-dependent increase of mpFC in
the NE and DA outﬂow, reaching a maximal increase of ∼50%
at 100 and 60 min for NE and DA, respectively (Fig. 5). By
contrast, in the RCF group, chocolate exposure produced no
signiﬁcant NE or DA increase (Fig. 5). The absolute (average)
basal levels of NE or DA for each group did not differ signiﬁ-
cantly (NE: Control = 1.39 ± 0.23, RCF = 1.37 ± 0.21; DA:
Control = 0.69 ± 0.19, RCF = 0.65 ± 0.19 pg/20 µL). Finally, stat-
istical analyses for the effects of brain side on the prefrontal
NE and DA outﬂow revealed no signiﬁcant side × time inter-
action in control (Supplementary Table S1) animals. ANOVA
analysis of latency to eat and animals’ body weight revealed
no signiﬁcant effect on mean chocolate consumption during
microdialysis (Supplementary Table S1). Statistical analyses
for the effects of restraint on the prefrontal NE and DA
outﬂow revealed a signiﬁcant early experience × time inter-
action (NE: F9,129 = 2.17; P < 0.05; DA: F9,129 = 2.26; P < 0.05).
Simple effect analyses revealed a signiﬁcant time effect for
both NE and DA outﬂow in the control group, and a signiﬁ-
cant time effect only for the NE outﬂow in the RCF group.
Moreover, a signiﬁcant difference in the NE or DA outﬂow
between control mice and RCF mice subjected to restraint was
shown (Fig. 6). Restraint produced a more prolonged NE in-
crease in the RCF group compared with the control group and
no signiﬁcant DA augmentation. Control animals showed a
time-dependent increase in the NE and DA outﬂow reaching a
maximal increase of ∼100% at 20 min and of ∼65% at 100
min, respectively. Restraint induced longer and more sus-
tained NE increases in RCF animals than in the control group
and no signiﬁcant DA increase. The absolute (average) basal
levels of NE or DA for each group did not differ signiﬁcantly
(NE: Control = 1.42 ± 0.2, RCF = 1.38 ± 0.22; DA: Control =
0.65 ± 0.21, RCF = 0.61 ± 0.17 pg/20 µL). Finally, statistical
analyses for the effects of brain side on the prefrontal NE and
DA outﬂow revealed no signiﬁcant side × time interaction in
control or RCF mice (NE: F9,54 = 1.39, ns; DA: F9,54 = 0.29, ns)
animals (Supplementary Table S1).
Statistical analyses for the effects of LiCl on the prefrontal
NE and DA outﬂow revealed a signiﬁcant early experience ×
time interaction for NE (F6,90 = 2.304; P < 0.05) and a signiﬁ-
cant early experience (F1,90 = 4.76; P < 0.05), and time effect
(F6,90 = 5.83; P < 0.005) for DA (Fig. 7). Moreover, a signiﬁcant
difference in the NE or DA outﬂow between control and RCF
mice injected with LiCl was shown. LiCl administration
induced more sustained the NE outﬂow and lower DA in RCF
mice compared with control animals.
Medial Prefrontal Cortex NE Depletion
Two-way ANOVA for the effects of prefrontal NE depletion on
DA and NE tissue levels showed a signiﬁcant pre-treatment
Table 1
Effects of RCF in the FST
Pretest Test
Control RCF F1,22 Control RCF F1,22
Immobility 1941 ± 267 3009 ± 220 9.21* 1206 ± 170 1779 ± 156 5.62*
Swimming 944 ± 86 675 ± 75 5.18* 354 ± 35 220 ± 44 4.45*
Struggling 1513 ± 152 1025 ± 578 4.61* 741 ± 123 405 ± 67 6.75*
Paddling 1642 ± 137 1294 ± 104 701 ± 69 598 ± 76
Note: Overall immobility, swimming, and struggling scores are reported for pretest (10 min)
and test session (5 min), respectively. All data are expressed as mean time spent (±SE; s)
(n= 9–15 per group).
*P< 0.05 compared with the control group.
Figure 5. Effects of RCF on NE and DA outﬂow in the mpFC induced by rewarding stimulus exposure (chocolate). Extracellular NE and DA in the mpFC of control and
cross-fostered (RCF) animals exposed to 1 g milk chocolate. Results are expressed as percent changes from the base levels of each experimental group (n=8 per group).
Chocolate pellets were presented at time 0. All data are expressed as mean ± SE. *P<0.05 compared with the other group.
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effect for NE only (F1,28 = 7.75; P < 0.005). Selective depletion
of NE prefrontal cortical afferents yielded approximately a
90% decrease in NE tissue levels (Sham = 435 ± 29; NE-
depleted = 49 ± 13 ng/g wet tissue), whereas DA tissue levels
were spared (Sham = 233 ± 35; NE-depleted = 217 ± 36 ng/g
wet tissue). Post hoc comparisons showed no signiﬁcant
difference between Sham control and Sham RCF groups (NE:
control = 419.34 ± 22; RCF = 451.3 ± 12; DA: control = 243 ± 16;
RCF = 224 ± 13).
Effects of Prefrontal NE Depletion on LiCl-Induced CPA
The effects of NE depletion in the mpFC on LiCl-induced CPA
are shown in Figure 8. No signiﬁcant chamber preference was
observed in control or RCF mice during the pretest session
(Supplementary Table S1). The repeated-measures ANOVA re-
vealed no signiﬁcant pre-treatment × pairing interaction for
both control and RCF groups (for testing session). However,
post hoc comparison revealed that while both sham groups
showed a signiﬁcant aversion to the LiCl-paired compartment
(RCF: P < 0.005; control: P < 0.005), NE-depleted groups
showed no aversion for either compartment (RCF: ns; control:
ns), indicating that prefrontal NE depletion abolished
LiCl-induced CPA in both control and RCF animals.
Discussion
The experiments described here suggest that postnatal RCF
experience blunts the natural tendency to seek pleasurable
sources of natural rewards and increases sensitivity to nega-
tive events in adult life. Thus, in spite of the fact that RCF and
control pups do not differ in terms of maternal care received
(D’Amato et al. 2011), events that occurred during the early
postnatal days (the replacement of the biological mother and
the repeated shifting of pups to different adoptive dams) are
early life events capable of producing enduring consequences
in adult life.
This study demonstrates several long-lasting changes in the
adult offspring of cross-fostered pups, particularly: 1) an
Figure 6. Effects of RCF on NE and DA outﬂow in the mpFC induced by aversive stimulus exposure (restraint). Extracellular NE and DA in the mpFC of control and cross-fostered
(RCF) animals exposed to restraint. Results are expressed as percent changes from the base levels of each experimental group (n=8 per group). Restraint was initiated at time
0. All data are expressed as mean ± SE. *P< 0.05 compared with the other group.
Figure 7. Effects of RCF on NE and DA outﬂow in the mpFC induced by LiCl treatment. Extracellular NE and DA in the mpFC of control and cross-fostered (RCF) animals injected
with LiCl (190.5 mg/kg i.p). Results are expressed as percent changes from the base levels of each experimental group (n=8 per group). LiCl was administered at time 0. All
data are expressed as mean ± SE. *P< 0.05 compared with the other group.
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impairment of the CPP induced by palatable food (chocolate);
2) a decrease in the natural preference for sweetened ﬂuids in
the SPT; 3) increased sensitivity to aversive experience (CPA);
4) greater immobility in the FST (compared with controls); 5)
suppression of place aversion in animals that underwent
mpFC NE depletion; 6) prevention of the prefrontal cortical
DA and NE outﬂow during exposure to a rewarding stimulus;
and 7) a different pattern of prefrontal cortical DA and NE
release in response to aversive stimuli, with prolonged NE
elevation and no signiﬁcant DA increase. These ﬁndings are
also reported in Supplementary Table S2.
During the neonatal period, the brain is particularly vulner-
able to environmental stimuli. Exposure of the developing
nervous system to adversity early in life can therefore shape
synaptic plasticity and neurogenesis (Aisa et al. 2009; Lupien
et al. 2009; Korosi et al. 2011). Thus, perinatal stress in
rodents and primates may permanently change brain func-
tioning, increasing the probability of dysfunctional behavior
and physiology in adulthood, including cognitive impairment,
HPA axis dysfunction, energy homeostasis imbalance, and al-
terations in sociability and reward processing (Mintz et al.
2005; Pryce et al. 2005; Coccurello et al. 2009; McClelland
et al. 2011). Early life adverse experiences have been shown
to increase the risk of developing depression or anxiety
disorders later in life (Heim and Nemeroff 2001, 2002;
Meaney 2001; Sánchez et al. 2001) and can produce persistent
alterations in aminergic transmission in different areas of the
brain (Arborelius and Eklund 2007; Jezierski et al. 2007). The
mesolimbic dopaminergic system is a target of early life
adverse experience; repeated events of maternal separation
may exacerbate the rewarding effects of psychostimulants and
DA response to stress (Meaney et al. 2002; Brake et al. 2004).
The pFC is particularly susceptible to the early perturbation
of social attachment during the maturational period (Teicher
et al. 2003; Spinelli et al. 2009) and neonatal exposure to psy-
chosocial stressors may signiﬁcantly alter the morphology and
neurochemical balance of prefrontal catecholamine afferences
(Benes et al. 2000; Braun et al. 2000; Arborelius and Eklund
2007; Pascual and Zamora-León 2007). Our data demonstrate
that RCF experience can disrupt the prefrontal processing of
rewarding salient stimuli, thereby blunting prefrontal DA
response to reinforcing events.
Repeated Cross-Fostering Impairs Sensitivity to Natural
Reward and Exacerbates Responses to Adverse
Experiences
Our data demonstrate that RCF experience early in life pro-
duces enduring effects in adult life. Adult RCF animals appear
to be less sensitive to the rewarding value of positive stimuli.
By contrast to controls, which showed a clear preference for
the chocolate-paired chamber in the CPP test, the lack of pre-
ference in RCF animals indicates that early postnatal experi-
ence prevents in these animals the attribution of motivational
salience to conditioned stimuli paired with primary natural re-
warding events. This appears to be consistent with recent
data reporting that neonatally handled rats showed a less CPP
to sweet food (Silveira et al. 2010). Moreover, because choco-
late ingestion did not differ between groups and because
there was a strong tendency toward increased chocolate
intake (control: 2.125 ± 0.466; RCF: 3.225 ± 0.362), it is difﬁ-
cult to ascribe the impairment of CPP shown by cross-fostered
animals to reduced chocolate consumption during the con-
ditioning phase.
Reduced preference for sweetened ﬂuids in the SPT further
supports the idea that the perturbation of mother–infant
bonding induced by the RCF procedure alters the individual
tendency to orient behavior toward pleasurable and reward-
ing natural experiences in adult life. It is noteworthy that a
decreased sensitivity to pleasurable events or a reduced
ability to experience pleasure is regarded as one hallmark
symptom of depression-like syndrome (i.e. anhedonic state).
However, the literature on anhedonia-like behavior in exper-
imental models of early deprivation or maternal separation is
inconsistent, showing either no effects on sucrose preference
(Shalev and Kafkaﬁ 2002) or a minor impact of the incentive
value of sucrose consumption in rats (Rüedi-Bettschen et al.
2005; Leventopoulos et al. 2009). Furthermore, the disruption
of early rearing conditions may alter the reward sensitivity to
psychostimulants during adulthood (Der-Avakian and Markou
2010). Moreover, genetic background and complex gene–
environment interplay may determine either susceptibility or
resilience to cocaine self-administration in different inbred
mouse strains fostered by non-strain-related mothers (van der
Veen et al. 2008). Our results support the hypothesis that
early life experience can shape the response toward natural
Figure 8. Effects of prefrontal cortical NE depletion on CPA induced by LiCl.
Preference scores shown by Sham and NE-depleted groups in the CPA test (n= 8
per group; control LiCl 190.5 mg/kg i.p.; RCF LiCl 127 mg/kg i.p.). All data are
expressed as mean ± SE. *P<0.005 compared with the paired chamber.
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appetitive stimuli (chocolate and saccharine), although we
cannot extend our results to different pharmacological re-
warding stimuli such as drugs of abuse.
It has been shown that the amount of the maternal care re-
ceived at birth can inﬂuence prefrontal DA responsivity to
stress in adult life (Zhang et al. 2005; Kaffman and Meaney
2007). In particular, when subjected to a stress challenge,
adult animals raised by “low caring” mothers showed blunted
DA signaling in the right medial pFC and increased DA
response in the left hemisphere (Zhang et al. 2005). The dis-
crepancies between blunted pFC DA outﬂow in RCF mice and
the enhanced DA response found in the left mpFC of neg-
lected animals may be reconciled considering that RCF adop-
tive mothers did not provide a lesser degree of maternal care
to RCF pups (D’Amato et al. 2011). A functional hemispheric
asymmetry occurs in the medial pFC speciﬁcally in stressful
conditions involving mesocorticolimbic DA input into this
brain region (Sullivan and Gratton 1998; Brake et al. 2000).
However, lateralization of stress-induced variation in pFC DA
function appears to be modulated by the nature and duration
of the stressor (Carlson et al. 1991).
Taken together, our data support the idea that the removal
of stable and predictable social bonds may severely disrupt
the propensity to seek pleasurable sources of natural rewards
later in life. The responses observed from place aversion be-
havior further suggest that the impact produced by early RCF
on adult life is not restricted to the ability to seek rewarding
experiences. As shown by the strong aversion of cross-
fostered mice to doses of LiCl lower than those used in
control animals, this early experience can also exacerbate the
sensitivity of animals to aversive stimuli. Because there was
no signiﬁcant difference in motor activity between control
and RCF groups during the conditioning phase of CPA, we
can rule out the occurrence of unspeciﬁc locomotor effects
upon sensitivity to LiCl treatment observed in the CPA exper-
iment. The possible link between enhanced susceptibility to
LiCl and RCF is supported by the total suppression of CPA in
prefrontal NE-depleted mice. The results from prefrontal NE
depletion indicate that NE transmission is required for
LiCl-induced CPA in both control and cross-fostered animals.
This is consistent with the previously reported LiCl-induced
increase of prefrontal NE and the demonstration that the lack
of NE release induced by exposure to aversive stimulus pre-
vents motivational salience attribution to conditioned stimuli
(Ventura et al. 2007). When submitted to the pretest phase of
FST, cross-fostered animals showed a higher immobility and
lower active behaviors than controls, thus indicating a higher
perceived motivational impact of stressful experience. This
different behavioral pattern was also evident during the test
phase of FST, which is classically used to screen antidepress-
ant drugs. Moreover, as corroborated by the lack of motor im-
pairment during the pretest session of CPP, it is difﬁcult to
ascribe the higher immobility of RCF animals in the FST to a
deﬁcit in locomotor activity.
Repeated Cross-Fostering and Prefrontal NE and DA
Imbalance
The behavior of cross-fostered mice appears to be associated
with the prefrontal processing of salient stimuli. In fact, mice
that underwent RCF exhibit long-lasting effects on the pre-
frontal DA and NE transmission evoked by rewarding and
aversive events. In particular, microdialysis experiments
showed that, depending on the valence of the stimuli, post-
natal RCF affects prefrontal NE release in an opposite manner
and prevents the mpFC DA outﬂow regardless of the
exposure to rewarding or aversive stimuli. Whereas this is
consistent with previous reports (Bassareo et al. 2002; Fallon
et al. 2007; Ventura et al. 2007, 2008) in which a time-
dependent catecholamine increase is observed in control
animals, RCF mice showed no DA or NE increase in response
to chocolate exposure.
Although prefrontal catecholamine outﬂow induced by
chocolate exposure has been related to the motivational
impact of palatable food or salient stimulus (Ventura et al.
2007, 2008), this increase could also be interpreted as the
mere exposure to a novel stimulus, regardless of its rewarding
value. However, because novelty has been shown to have a
rewarding value (Bevins and Bardo 1999; Bevins et al. 2002;
Reichel and Bevins 2008), chocolate is a stimulus that simul-
taneously involves salient, rewarding and novel features. Con-
sistent with our data showing suppression of prefrontal DA
efﬂux in response to a rewarding stimulus, separation from
the mother has been shown to alter the balance of dopamin-
ergic innervation in prefrontal and limbic areas and result in
reduced dopaminergic innervation within the mpFC (Braun
et al. 2000).
In the second set of experiments, we further investigated
whether RCF experience affected prefrontal catecholamine
transmission in response to aversive stimuli in adult life.
Stressful experiences, such as restraint, are known to promote
an increase of mpFC amine release, a response that is con-
sidered relevant for cognitive, emotional, and behavioral
coping (Finlay et al. 1995; McQuade et al. 1999; Feenstra et al.
2000; Pascucci et al. 2007, 2009). Consistent with previous
reports, control mice responded with enhanced prefrontal DA
and NE release to the experience of being held in the restrain-
ing apparatus (Pascucci et al. 2009). By contrast, the exposure
to the restraining condition produced a different response
pattern of prefrontal DA and NE release in RCF mice. When
compared with controls, RCF animals showed no signiﬁcant
DA release but more prolonged NE outﬂow in response to re-
straint, thus suggesting a dissociation between NE trans-
mission and selective impairment of cortical DA outﬂow.
Remarkably, compared with control animals, LiCl adminis-
tration produced a more sustained NE outﬂow and a lower
DA outﬂow in RCF mice, thus conﬁrming the higher sensi-
tivity to aversive events induced by the cross-fostering
experience.
Hence, microdialysis data support the view that the altera-
tion of prefrontal catecholamine response may underlie both
reduced sensitivity to pleasure and overreaction to negative
events.
Early Adverse Events and Functional Dissociation
between Prefrontal DA and NE Encoding of Positive and
Negative Motivational Signals
By contrast with the pattern of NE release, RCF produced a
severe deﬁcit in DA-dependent functional encoding of both
pleasant and aversive stimuli. In particular, the lack of parallel
changes in stress-induced DA and NE outﬂow supports the
idea of the partial disconnection between the two catechol-
amines within the mpFC (Ventura et al. 2003, 2005; Pascucci
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et al. 2007). Two non-mutually exclusive interpretations could
be suggested to explain the different DA and NE responses
and, in particular, the sustained prefrontal NE outﬂow in
cross-fostered animals.
One explanation could be related to the role of prefrontal
NE transmission in “resetting” the ongoing activities in the
face of relevant environmental changes. Both rapid orien-
tation of attentive resources to novel events and increased NE
release have been reported in response to all known exper-
imental stressors (Dayan and Yu 2006; Doya 2008). Thus, in
spite of blunted prefrontal DA response to both rewarding
(chocolate) and aversive (restraint and LiCl) stimuli, increased
prefrontal NE could be needed to redirect attention toward
particularly arousing events in order to process potentially
dangerous stimuli. Another possible interpretation could be
related to the role of prefrontal NE in encoding motivationally
salient stimuli (Ventura et al. 2008). Prefrontal NE has been
proposed to increase in a graded manner depending on the
salience of the stimulus (Feenstra et al. 2000; Ventura et al.
2008). Accordingly, the sustained prefrontal NE increase
shown by cross-fostered animals could represent an index of
higher perceived salience of aversive conditions. This
interpretation is strengthened by the comparison of behavior-
al and microdialysis data. In fact, the CPA experiment indi-
cates that this early emotional experience exacerbates
sensitivity to aversive stimuli, as shown by the stronger aver-
sion to LiCl and by the higher LiCl-induced NE prefrontal in-
crease in RCF compared with control mice.
The possible correlation between heightened aversion to
LiCl and prolonged prefrontal NE release to aversive stimuli
appears to be further supported by the total suppression of
CPA in prefrontal NE-depleted cross-fostered mice. This is
consistent with the previously reported LiCl-induced increase
of prefrontal NE and the demonstration that the lack of NE
release induced by exposure to an aversive stimulus prevents
motivational salience attribution to conditioned stimuli in a
place-conditioning procedure (Ventura et al. 2007). Thus, the
strong elevation of prefrontal NE in response to both the re-
straint experience and the LiCl treatment parallels the higher
sensitivity of cross-fostered animals to the lower dose of LiCl
in the place conditioning procedure. In other words, it seems
that the RCF experience lowered the threshold that triggers
prefrontal NE outﬂow, as mirrored by LiCl-induced CPA at
lower doses than in control mice and by the enhanced NE
release during LiCl exposure and restraining experience. To-
gether, we provide evidence that perturbation of the early
rearing environment can induce a broad spectrum of behav-
ioral alterations reminiscent of depressive symptoms and per-
manently change mpFC DA and NE transmission in adult life.
To the best of our knowledge, this is the ﬁrst study to report a
functional dissociation between suppressed DA and NE
outﬂow in response to rewarding natural stimuli and heigh-
tened NE release in response to aversive stimuli. On these
grounds, we show that postnatal formation/reﬁnement of cat-
echolaminergic transmission of mpFC is shaped by the in-
stability of the maternal environment and that these changes
can severely affect behavioral coping strategies and efﬁcient
adaptation to opposite environmental events in adult animals.
The dichotomy between underestimation of positive stimuli
and overestimation of negative events observed in RCF
animals is reminiscent of Beck’s cognitive formulation of
depression as biased processing of incoming information and
genesis of dysfunctional beliefs (Beck 2008). Thus, the behav-
ioral/neurochemical proﬁle shown by RCF animals raises the
possibility that different prefrontal DA/NE response to salient
stimuli may be relevant for the pathogenesis of depressive-
like behaviors.
In conclusion, our results shed light on the relationship
between traumatic early attachment, prefrontal catecholamine
responses and vulnerability to psychiatric disorders later in
life. Understanding how the ability to process motivationally
salient stimuli is affected by environmental experiences
during early brain development might help to identify differ-
ent emotional/motivational deﬁcits in adult humans and to
understand how prefrontal alterations of neural processing of
both rewarding and aversive stimuli can induce depression-
like behavioral outcomes.
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oxfordjournals.org/.
Funding
This research was supported by Ministero della Ricerca Scien-
tiﬁca e Tecnologica (PRIN 2008 and FIRB 2010:
RBFR10RZ0N), and Regione Lazio FILAS for “Sviluppo della
Ricerca sul Cervello”.
Notes
We thank Dr E. Catalfamo for his skillful assistance. Conﬂict of
interest: none declared.
References
Aisa B, Elizalde N, Tordera R, Lasheras B, Del Río J, Ramírez MJ.
2009. Effects of neonatal stress on markers of synaptic plasticity in
the hippocampus: implications for spatial memory. Hippocampus.
19:1222–1231.
Arborelius L, Eklund MB. 2007. Both long and brief maternal separ-
ation produces persistent changes in tissue levels of brain mono-
amines in middle-aged female rats. Neuroscience. 145:738–750.
Arnsten AF, Robbins TW. 2002. Neurochemical modulation of prefron-
tal cortical functions in humans and animals. In: Stuss D, Knight R,
editors. The prefrontal cortex. New York: Oxford University.
p. 51–84.
Aston-Jones G, Cohen JD. 2005. An integrative theory of locus
coeruleus-norepinephrine function: adaptive gain and optimal
performance. Annu Rev Neurosci. 28:403–450.
Bale TL. 2006. Stress sensitivity and the development of affective dis-
orders. Horm Behav. 50:529–533.
Bassareo V, De Luca MA, Di Chiara G. 2002. Differential expression of
motivational stimulus properties by dopamine in nucleus accum-
bens shell versus core and prefrontal cortex. J Neurosci.
22:4709–4719.
Beck AT. 2008. The evolution of the cognitive model of depression
and its neurobiological correlates. Am J Psychiatry. 165:969–977.
Benes FM, Taylor JB, Cunningham MC. 2000. Convergence and plas-
ticity of monoaminergic systems in the medial prefrontal cortex
during the postnatal period: implications for the development of
psychopathology. Cereb Cortex. 10:1014–1027.
Bevins RA, Bardo MT. 1999. Conditioned increase in place preference
by access to novel objects: antagonism by MK-801. Behav Brain
Res. 99:53–60.
Bevins RA, Besheer J, Palmatier MI, Jensen HC, Pickett KS, Eurek S.
2002. Novel-object place conditioning: behavioral and
10 Early Life Experience and Prefrontal Cortex Salience Encoding • Ventura et al.
 by guest on June 5, 2012
http://cercor.oxfordjournals.org/
D
ow
nloaded from
 
dopaminergic processes in expression of novelty reward. Behav
Brain Res. 129:41–50.
Boccia ML, Razzoli M, Vadlamudi SP, Trumbull W, Calefﬁe C, Peder-
sen CA. 2007. Repeated long separations from pups produce
depression-like behavior in rat mothers. Psychoneuroendocrinol-
ogy. 32:65–71.
Bock J, Murmu RP, Ferdman N, Leshem M, Braun K. 2008. Reﬁne-
ment of dendritic and synaptic networks in the rodent anterior
cingulate and orbitofrontal cortex: critical impact of early and late
social experience. Dev Neurobiol. 68:685–695.
Brake WG, Sullivan RM, Gratton A. 2000. Perinatal distress leads to
lateralized medial prefrontal cortical dopamine hypofunction in
adult rats. J Neurosci. 20:5538–5543.
Brake WG, Zhang TY, Diorio J, Meaney MJ, Gratton A. 2004. Inﬂu-
ence of early postnatal rearing conditions on mesocorticolimbic
dopamine and behavioural responses to psychostimulants and
stressors in adult rats. Eur J Neurosci. 19:1863–1874.
Braun K, Lange E, Metzger M, Poeggel G. 2000. Maternal separation
followed by early social deprivation affects the development of
monoaminergic ﬁber systems in the medial prefrontal cortex of
Octodon degus. Neuroscience. 95:309–318.
Cabib S, Puglisi-Allegra S. 1991. Genotype-dependent effects of
chronic stress on apomorphine-induced alterations of striatal and
mesolimbic dopamine metabolism. Brain Res. 542:91–96.
Carlson JN, Fitzgerald LW, Keller RW, Jr, Glick SD. 1991. Side and
region dependent changes in dopamine activation with various
durations of restraint stress. Brain Res. 550:313–318.
Coccurello R, D’Amato FR, Moles A. 2009. Chronic social stress, he-
donism and vulnerability to obesity: lessons from rodents. Neuro-
sci Biobehav Rev. 33:537–550.
D’Amato FR, Zanettini C, Lampis V, Coccurello R, Pascucci T, Ventura
R, Puglisi-Allegra S, Spatola CA, Pesenti-Gritti P, Oddi D et al.
2011. Unstable maternal environment, separation anxiety, and
heightened CO2 sensitivity induced by gene-by-environment inter-
play. PLoS ONE. 6:e18637.
Dayan P, Yu AJ. 2006. Phasic norepinephrine: a neural interrupt
signal for unexpected events. Network. 17:335–350.
Der-Avakian A, Markou A. 2010. Neonatal maternal separation exacer-
bates the reward-enhancing effect of acute amphetamine adminis-
tration and the anhedonic effect of repeated social defeat in adult
rats. Neuroscience. 170:1189–1198.
Doya K. 2008. Modulators of decision making. Nat Neurosci.
11:410–416.
Fallon S, Shearmanm E, Sershen H, Lajtha A. 2007. Food
reward-induced neurotransmitter changes in cognitive brain
regions. Neurochem Res. 32:1772–1782.
Feenstra MG. 2000. Dopamine and noradrenaline release in the pre-
frontal cortex in relation to unconditioned and conditioned stress
and reward. Prog Brain Res. 126:133–163.
Feenstra MG, Botterblom MH, Mastenbroek S. 2000. Dopamine and
noradrenaline efﬂux in the prefrontal cortex in the light and dark
period: effects of novelty and handling and comparison to the
nucleus accumbens. Neuroscience. 100:741–748.
Finlay JM, Zigmond MJ, Abercrombie ED. 1995. Increased dopamine
and norepinephrine release in medial prefrontal cortex induced by
acute and chronic stress: effects of diazepam. Neuroscience.
64:619–628.
Franklin BJ, Paxinos G. 1997. The mouse brain in stereotaxic coordi-
nates. San Diego: Academic Press.
Goldman-Rakic PS. 1999. The “psychic” neuron of the cerebral
cortex. Ann N Y Acad Sci. 868:13–26.
Heim C, Nemeroff CB. 2002. Neurobiology of early life stress: clinical
studies. Sem Clin Neuropsychiatry. 7:147–159.
Heim C, Nemeroff CB. 2001. The role of childhood trauma in the neu-
robiology of mood and anxiety disorders: preclinical and clinical
studies. Biol Psychiatry. 49:1023–1039.
Jentsch J, Taylor JR. 1999. Impulsivity resulting from frontostriatal
dysfunction in drug abuse: implications for the control of behavior
by reward-related stimuli. Psychopharmacology. 146:373–390.
Jezierski G, Zehle S, Bock J, Braun K, Gruss M. 2007. Early stress and
chronic methylphenidate cross-sensitize dopaminergic responses
in the adolescent medial prefrontal cortex and nucleus accumbens.
J Neurochem. 103:2234–2244.
Kaffman A, Meaney MJ. 2007. Neurodevelopmental sequelae of post-
natal maternal care in rodents: clinical and research implications
of molecular insights. J Child Psychol Psychiatry. 48:224–244.
Kikusui T, Mori Y. 2009. Behavioural and neurochemical conse-
quences of early weaning in rodents. J Neuroendocrinol.
21:427–431.
Korosi A, Naninck EF, Oomen CA, Schouten M, Krugers H, Fitzsimons
C, Lucassen PJ. 2011. Early-life stress mediated modulation of
adult neurogenesis and behavior. Behav Brain Res. 227:400–409.
Lapiz MD, Morilak DA. 2006. Noradrenergic modulation of cognitive
function in rat medial prefrontal cortex as measured by attentional
set shifting capability. Neuroscience. 137:1039–1049.
Leventopoulos M, Russig H, Feldon J, Pryce CR, Opacka-Juffry J.
2009. Early deprivation leads to long-term reductions in motiv-
ation for reward and 5-HT1A binding and both effects are reversed
by ﬂuoxetine. Neuropharmacology. 56:692–701.
Lupien SJ, McEwen BS, Gunnar MR, Heim C. 2009. Effects of stress
throughout the lifespan on the brain, behaviour and cognition.
Nat Rev Neurosci. 10:434–445.
Matsumoto K, Suzuki W, Tanaka K. 2003. Neuronal correlates of goal-
based motor selection in the prefrontal cortex. Science.
301:229–232.
Matthews K, Robbins TW. 2003. Early experience as a determinant of
adult behavioural responses to reward: the effects of repeated
maternal separation in the rat. Neurosci Biobehav Rev. 27:45–55.
McClelland S, Korosi A, Cope J, Ivy A, Baram TZ. 2011. Emerging
roles of epigenetic mechanisms in the enduring effects of early-life
stress and experience on learning and memory. Neurobiol Learn
Mem. 96:79–88.
McEwen BS. 2000. Effects of adverse experiences for brain structure
and function. Biol Psychiatry. 48:721–731.
McQuade R, Creton D, Stanford SC. 1999. Effect of novel environ-
mental stimuli on rat behaviour and central noradrenaline function
measured by in vivo microdialysis. Psychopharmacology.
145:393–400.
Meaney MJ. 2001. Maternal care, gene expression, and the trans-
mission of individual differences in stress reactivity across gener-
ations. Annu Rev Neurosci. 24:1161–1192.
Meaney MJ, Brake W, Gratton A. 2002. Environmental regulation of
the development of mesolimbic dopamine systems: a neurobiolo-
gical mechanism for vulnerability to drug abuse? Psychoneuroen-
docrinology. 27:127–138.
Mingote S, de Bruin JP, Feenstra MG. 2004. Noradrenaline and dopa-
mine efﬂux in the prefrontal cortex in relation to appetitive classi-
cal conditioning. J Neurosci. 24:2475–2480.
Mintz M, Rüedi-Bettschen D, Feldon J, Pryce CR. 2005. Early social
and physical deprivation leads to reduced social motivation in
adulthood in Wistar rats. Behav Brain Res. 156:311–320.
Nemeroff CB. 2004. Neurobiological consequences of childhood
trauma. J Clin Psychiatry 65(Suppl. 1):18–28.
O’Doherty JP. 2004. Reward representations and reward-related learn-
ing in the human brain: insights from neuroimaging. Curr Opin
Neurobiol. 14:769–776.
Pascual R, Zamora-León SP. 2007. Effects of neonatal maternal depri-
vation and postweaning environmental complexity on dendritic
morphology of prefrontal pyramidal neurons in the rat. Acta Neu-
robiol Exp. 67:471–479.
Pascucci T, Andolina D, Mela IL, Conversi D, Latagliata C, Ventura R,
Puglisi-Allegra S, Cabib S. 2009. 5-Hydroxytryptophan rescues ser-
otonin response to stress in prefrontal cortex of hyperphenylalani-
naemic mice. Int J Neuropsychopharmacol. 12:1067–1079.
Pascucci T, Ventura R, Latagliata EC, Cabib S, Puglisi-Allegra S. 2007.
The medial prefrontal cortex determines the accumbens dopamine
response to stress through the opposing inﬂuences of norepi-
nephrine and dopamine. Cereb Cortex. 17:2796–2804.
Poeggel G, Helmeke C, Abraham A, Schwabe T, Friedrich P, Braun K.
2003. Juvenile emotional experience alters synaptic composition
in the rodent cortex, hippocampus, and lateral amygdala. Proc
Natl Acad Sci USA. 100:16137–16142.
Cerebral Cortex 11
 by guest on June 5, 2012
http://cercor.oxfordjournals.org/
D
ow
nloaded from
 
Pryce CR, Rüedi-Bettschen D, Dettling AC, Weston A, Russig H,
Ferger B, Feldon J. 2005. Long-term effects of early-life environ-
mental manipulations in rodents and primates: potential animal
models in depression research. Neurosci Biobehav Rev. 29:649–674.
Reichel CM, Bevins RA. 2008. Competition between the conditioned
rewarding effects of cocaine and novelty. Behav Neurosci.
122:140–150.
Rivarola MA, Suárez MM. 2009. Early maternal separation and chronic
variable stress in adulthood changes the neural activity and the
expression of glucocorticoid receptor in limbic structures. Int J
Dev Neurosci. 27:567–574.
Rüedi-Bettschen D, Pedersen EM, Feldon J, Pryce CR. 2005. Early
deprivation under speciﬁc conditions leads to reduced interest in
reward in adulthood in Wistar rats. Behav Brain Res. 156:297–310.
Sánchez MM, Ladd CO, Plotsky PM. 2001. Early adverse experience as
a developmental risk factor for later psychopathology: evidence
from rodent and primate models. Dev Psychopathol. 13:419–449.
Shalev U, Kafkaﬁ N. 2002. Repeated maternal separation does not
alter sucrose-reinforced and open-ﬁeld behaviors. Pharmacol
Biochem Behav. 73:115–122.
Silveira PP, Portella AK, Assis SA, Nieto FB, Diehl LA, Crema LM,
Peres W, Costa G, Scorza C, Quillfeldt JA et al. 2010. Early life
experience alters behavioral responses to sweet food and accum-
bal dopamine metabolism. Int J Dev Neurosci. 28:111–118.
Spinelli S, Chefer S, Suomi SJ, Higley JD, Barr CS, Stein E. 2009. Early-
life stress induces long-term morphologic changes in primate
brain. Arch Gen Psychiatry. 66:658–665.
Spink AJ, Tegelenbosch RA, Buma MO, Noldus LP. 2001. The EthoVi-
sion video tracking system - a tool for behavioral phenotyping of
transgenic mice. Physiol Behav. 73:731–744.
Sullivan RM, Gratton A. 1998. Relationships between stress-induced
increases in medial prefrontal cortical dopamine and plasma
corticosterone levels in rats: role of cerebral laterality. Neuro-
science. 83:81–91.
Teicher MH, Andersen SL, Polcari A, Anderson CM, Navalta CP, Kim
DM. 2003. The neurobiological consequences of early stress and
childhood maltreatment. Neurosci Biobehav Rev. 27:33–44.
van der Veen R, Koehl M, Abrous DN, de Kloet ER, Piazza PV,
Deroche-Gamonet V. 2008. Maternal environment inﬂuences
cocaine intake in adulthood in a genotype-dependent manner.
PLoS One. 3:e2245.
Ventura R, Alcaro A, Puglisi-Allegra S. 2005. Prefrontal cortical norepi-
nephrine release is critical for morphine-induced reward, rein-
statement and dopamine release in the nucleus accumbens. Cereb
Cortex. 15:1877–1886.
Ventura R, Cabib S, Alcaro A, Orsini C, Puglisi-Allegra S. 2003. Nor-
epinephrine in the prefrontal cortex is critical for
amphetamine-induced reward and mesoaccumbens dopamine
release. J Neurosci. 23:1879–1885.
Ventura R, Latagliata EC, Morrone C, La Mela I, Puglisi-Allegra S.
2008. Prefrontal norepinephrine determines attribution of “high”
motivational salience. PLoS One. 22:e3044.
Ventura R, Morrone C, Puglisi-Allegra S. 2007. Prefrontal/accumbal
catecholamine system determines motivational salience attribution
to both reward- and aversion-related stimuli. Proc Natl Acad Sci
USA. 104:5181–5186.
Volkow ND, Fowler JS, Wang GJ, Baler R, Telang F. 2009. Imaging
dopamine’s role in drug abuse and addiction. Neuropharma-
cology. 56:3–8.
Zhang TY, Chrétien P, Meaney MJ, Gratton A. 2005. Inﬂuence of
naturally occurring variations in maternal care on prepulse
inhibition of acoustic startle and the medial prefrontal cortical
dopamine response to stress in adult rats. J Neurosci.
25:1493–1502.
12 Early Life Experience and Prefrontal Cortex Salience Encoding • Ventura et al.
 by guest on June 5, 2012
http://cercor.oxfordjournals.org/
D
ow
nloaded from
 
